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H→ZZ→4l Channel
• The Golden Channel - high resolution, high S/B

• Statistically parched

- ~20 signal events expected with current data

- Need very high lepton reconstruction, 
selection efficiency

- Crucial to catch the lowest pT leptons 

• Squeeze out the most from available events

- Exploit the rich topology of the 4-lepton final 
state

- Use per-event mass uncertainties to have 
best possible determination of the Higgs 
boson mass
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Kinematic discriminants

● Use angular information and 
masses

● to discriminate between signal 
and non resonant background

● Also to discriminate different 
spin-parity hypotheses

● MELA: used also in ICHEP

● Baseline approach

● Improved to have analytical 
background prediction under 
threshold

● MCFM and 
MEKD(Madgraph/CalcHEP) 
crosschecks

● Analytical independent ME 
approach (arXiv 1001:5300)

● BDT using angular 
information

● BNN using 4 vectors,SIP, 
masses 
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Event Selection

• Require 20/10 GeV leptons in the event (consistency with trigger)

• Lepton selection :  pT > 7(5) GeV for e(μ), |η| < 2.4, ID+isolation requirements

• Construct Z candidates and recover FSR close to the leptons (ΔR < 0.5)

• Select  “Z1” candidate with mass closest to Z peak (40 < m(Z1) < 120 GeV)

• Select “Z2” candidate from remaining highest pT leptons (12 < m(Z2) < 120 GeV)

• Require all four opposite sign lepton pairs to have mass > 4 GeV to suppress QCD
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Analysis Strategy (1D)

• The analysis in its simplest conception is a 
bump hunt in the m(4l) spectrum

• Narrow peak on top of a relatively flat 
background
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Event yields in the range :  110 GeV < m(4l) < 160 GeV
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Analysis Strategy (2D)
• Make full use of the kinematic information 

stored in the 4-lepton final state to enhance 
sensitivity

• Kinematic discriminant (KD) constructed from 
LO matrix elements using 5 angles + 2 Z masses 
which characterize the Higgs decay

5

 21

Kinematic discriminants

● Use angular information and 
masses

● to discriminate between signal 
and non resonant background

● Also to discriminate different 
spin-parity hypotheses

● MELA: used also in ICHEP

● Baseline approach

● Improved to have analytical 
background prediction under 
threshold

● MCFM and 
MEKD(Madgraph/CalcHEP) 
crosschecks

● Analytical independent ME 
approach (arXiv 1001:5300)

● BDT using angular 
information

● BNN using 4 vectors,SIP, 
masses 

126 10 Kinematic Discriminant (MELA)

where probabilities are normalized with respect to the seven observables while treating m4` as a con-1793

ditional parameter. These probabilities are calculated analytically and are quoted in Ref. [73] for signal1794

and in Ref. [75] for continuum ZZ background. Then the discriminant is constructed as follows1795

KD =
Psig

Psig + Pbkg
=

2

41 +
Pbkg(m1, m2, ~W|m4`)

Psig(m1, m2, ~W|m4`)
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There are several considerations in the above construction. This discriminant is continuously distributed1796

between 0 and 1, with signal being closer to 1 and background closer to 0. The signal probability is pa-1797

rameterized as a function of m4` instead of mH . This allows continuous selection of the data-sample1798

independent of the mH hypothesis. Both signal and background probabilities are normalized for any1799

given value of m4`, which removes unnecessary correlation of KD with m4` and makes further fit imple-1800

mentation more robust. Parameterization is performed for ideal distributions, not including the detector1801

effects, and therefore does not require any training. This is still an optimal approach because detector ac-1802

ceptance effects are identical for signal and background and would cancel in the ratio in Eq. (33). From1803

statistical considerations the above construction of the KD is the most optimal given the input under1804

consideration. The input to the KD construction can be carefully controlled, certain observables can be1805

integrated out or included depending on the level of confidence in the input.1806

The ideal probability density functions for signal and irreducible background can both be calculated1807

from first principles. For signal, we use the analytical distributions derived in [77]. The projections1808

of this probability density function are shown on top of SM Higgs events, generated at leading order1809

through gluon-gluon fusion, in figure 93. The background probability density function was calculated1810

in [75]. Although[75] only includes diagrams where the intermediate state is a pair of Z bosons, recent1811

progress has been made to include Zg

⇤ ! 4` and Z ! 4` diagrams and extend the validity to lower1812

values of m4` where these process are dominant. Projections of the irreducible background probability1813

density function are shown in figure 92 on top of leading order madgraph MC events.1814

For background below threshold, it is also possible to substitue the analytical parameterization with the1815

correlated template distribution illustrated in Fig. 91. This simplified parameterization was used in the1816

past for events below the 2mZ kinematic threshold while the analytic PDF mentioned above was used1817

above threshold, fixing both Z masses to 91.2 GeV. The current strategy is to use the state-of-the-art ZZ1818

parameterization and the same 8 inputs for all values of m4`. The gain from these improvements is1819

shown by the ROC curves in figure 94.1820

The background template distribution in Fig. 91 includes the most important correlations of five angles1821

and two masses m1 and m2 as a function of m4` as well as of the two masses m1 and m2 with respect to1822

each other. For example, for a given value of m4` there is a kinematic constraint (m1 + m2)  m4`. We1823

also use the convention m1 > m2 without any loss of information, which explains the triangular shape1824

in Fig. 91.1825

The resulting MELA KD distributions for signal and background are shown in Fig. 95 in three different1826

mass ranges. Good agreement is found between data and background MC. FIXME: these plots should1827

be updated Overall, significant separation between signal and background is evident from the MELA1828

KD distributions.1829

2D likelihood can be constructed from 
KD and m(4l)
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Analysis Strategy (3D)
• Probe the Higgs coupling to vector bosons and 

fermions by separating the production modes

• Events categorized as dijet tagged (2 or more jets with 
pT > 30 GeV, |η| < 4.7) and untagged

- Dijet tagged events : Linear discriminant (VD) 
built from mjj and Δηjj variables used to 
discriminate between the VBF and gluon fusion 
production modes

- Untagged events : pT/m(4l) of the 4-lepton 
system used as a discriminant

• Analysis performed using a 3D fit involving m(4l), KD 
and VD (or pT/m)

• Nominal strategy for analyzing the full Run 1 dataset
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Data overlaid on 
VBF expectation
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Observed Excess
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1D 2D 3D

Expected
Significance

5.6σ 6.9σ 7.2σ

Observed
Significance

4.7σ 6.6σ 6.7σ
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Mass Measurement

8

• H→ZZ→4l is a very sensitive probe to measure 
the mass of the Higgs boson

• Precise measurement of lepton momenta critical

• Multivariate regression used to improve the ECAL 
energy measurement of electrons

• Corrections applied to electrons as well as muons 
to account for differences in momentum scale 
between data and simulation

• To make optimal use of available data the analysis is 
performed as a 3D fit using m(4l), KD and event-
by-event mass uncertainty

Best fit mass : 

125.8 ± 0.5 (stat) ± 0.2 (syst) GeV
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Signal Strength

μV μF
μ 

Overall

Observed 1.0+2.4-2.3 0.9+0.5-0.4 0.9+0.3-0.2

• 3D analysis allows to disentangle the 
production modes

• Production modes split into two 
categories

- Vector boson induced (VBF,  WH, ZH)

- Fermion induced (gluon fusion, ttH)

• Signal strength measured in each category 
at mH = 125.8 GeV
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Spin/Parity Measurement
• Angular variables which characterize the Higgs 

decay can be used to distinguish between the 0+ 
state and several other spin/parity hypotheses 

• Construct a matrix element based discriminant to 
distinguish between 0+ and alternate JP 
hypotheses

• Several spin/parity hypotheses are tested w.r.t. 0+ 
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D0- distribution for events with :
106 < m(4l) < 141 GeV; KD > 0.5

12.6 Approach to Higgs Boson Spin and Parity Measurements 161

12.6 Approach to Higgs Boson Spin and Parity Measurements2068

Given the new resonance observed at the LHC, it will be crucial to determine the spin and quantum2069

numbers of the new particle and its couplings to Standard Model fields as accurately as possible. The2070

full-case study has been presented in Ref. [73, 77] and CMS internal study in Ref. [84]. Here we adopt2071

a simplified version of that approach following the MELA methodology in Section 10, where instead2072

of signal-to-background probability ratio we construct probability ratio for two signal hypotheses. The2073

discriminant for signal hypothesis testing is constructed as follows2074

DJP =
PSM

PSM + PJP
=

2

41 +
PJP(m1, m2, ~W|m4`)

PSM(m1, m2, ~W|m4`)
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, (40)

where ~W are five angles describing kinematics of production and decay of a boson in its frame, PSM is the2075

probability distribution for the SM Higgs boson hypothesis, and PJP is the probability for an alternative2076

model, which are calculated analytically and are quoted in Ref. [73].2077

We consider two spin-parity models, one is the pure pseudo-scalar state JP = 0� and the other is the
spin-two state with the minimal graviton-like coupling to the bosons with JP = 2+. The most general
decay amplitude for a spin-zero boson can be defined as

A = v�1
e

⇤µ

1 e

⇤n

2

⇣
a1g

µn

m2
H + a2 q

µ

q
n

+ a3e

µnab

qa

1qb

2

⌘
= A1 + A2 + A3 , (41)

where ei are the Z boson polarization vectors, qi are their momenta, and q = q1 + q2. The SM Higgs2078

boson decay is dominated by the A1 amplitude, while the JP = 0� state decay is expected to be dom-2079

inated by the A3 amplitude. The D0� discriminant is therefore optimal for discrimination between2080

the |A1|2 and |A3|2 amplitude contributions, while we find their potential interference to have negli-2081

gible effect on the discriminant distribution or the overall yield of events. We define the parameter2082

fa3 = |A3|2/(|A1|2 + |A3|2), where we neglect the |A2|2 contribution. This parameter allows us to pro-2083

vide consistency tests of the fa3 = 0 and fa3 = 1 scenarios, as well as consider contribution of both2084

amplitudes in the decay. However, we would like to stress that fa3 is not a parameter which defines the2085

mixture of parity-even and parity-odd states. The latter would require model-dependent interpretation2086

of the fa3 measurement. In the SM, fa3 is expected to be essentially zero.2087

Here we illustrate the power of the above approach with the example of a narrow resonance at 125 GeV2088

with two hypotheses scalar (JP = 0+) and pseudo-scalar (JP = 0�) Higgs. The alternative hypotheses2089

of a resonance are produced with the generator from Ref. [73] (JHU generator). Similarly to discussion2090

in Section 10, the seven observables {m1, m2, ~W} appear different for resonances with different quantum2091

numbers, as shown in Fig. 129 and Fig. 130 with samples generated according to the JP = 0+ and2092

JP = 0� hypotheses.2093

Distributions of the discriminant D0� for scalar-to-pseudoscalar separation (“pseudoMELA”) are shown2094

in the left-hand side of Fig. 131. These distributions are shown for values of the reconstructed mass in2095

the range [120 � 130]GeV and for signal and background. In the right-hand side of the same figure, we2096

also show distributions of the discriminant D2+ optimized for separation of JP = 0+ and 2+ (minimal2097

couplings) hypotheses (”graviMELA”). In Fig. 132 we show the distribution of DJP for pseudoscalar,2098

scalar signal, and background, and for observed events in the signal region 121 < m4` < 131 GeV and2099

MELA > 0.5.2100

In order to achieve the best separation power, one has to separate the events coming the SM background2101

from the signal ones. Ideally, in order to achieve this the fit should include all three observables with2102

KD as well, but for simplicity we omit it here. In order to perform such a 3D statistical analysis in the2103

future, larger amounts of simulated events for both the signal and the background will be needed.2104

A first alternative is to use the 2D distribution (DJP , m4`) in the same way as for signal-to-background2105

separation. A cut on KD > 0.5 is applied in order to suppress the SM background and fit of the 2D2106

distribution (DJP , m4`). However, this approach is sub-optimal as it exploits only roughly the MELA2107

information for separating the signal from the SM background. The loss in performance can be estimated2108
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Hypothesis Testing Strategy

• To test the spin/parity of a Higgs like resonance we 
need to 

- Isolate signal events from the background

- Use the discriminant defined on the previous 
slide to separate the spin/parity hypotheses

• This is achieved by performing a 2D fit using

- likelihood discriminant (Dbkg) constructed by 
combining m(4l) with the KD - to isolate signal 
from background

- DJP used for spin/parity separation

11

162 12 Statistical Analysis

Figure 129: Distribution of the observables m1, m2 (top row), cos q⇤, and F1 (bottom row),
generated for mX = 125 GeV with leading order JHU generator events and projections of the
ideal angular distributions. Two resonance hypotheses are shown: JP = 0+ (red) and 0� (blue).

as ⇠ 20%, as this is the gain in significance coming from the inclusion of MELA on top of the simple m4`2109

statistical analysis.2110

The statistical analysis remains similar to the nominal analysis, except that instead of the kinematic2111

discriminant for signal-to-background separation, we use the above kinematic discriminant DJP for2112

separation between the two signal hypotheses. The second observable combines the m4` probability2113

together with the kinematic probability of the angular and mass distribution as used in the KD calcu-2114

lation, SMD = Psig/(Psig + Pbkg), where probabilities P also include the m4` parameterizations. The2115

analysis of the SMD discriminant is statistically equivalent to the 2D analysis of the m4` and KD dis-2116

tributions. The spin-parity hypothesis analysis is a 2D analysis of the (Dbkg,DJP) distributions where2117

correlations of observables are included in the probability parameterizations. We denote the observable2118

by SMD in the following (and informally called superMELA). Such a variable is defined as2119

SMD =
Psig

Psig + Pbkg
=

2

41 +
Pbkg(m1, m2, ~W|m4`)⇥ Pbkg(m4`)

Psig(m1, m2, ~W|m4`)⇥ Psig(m4`)

3

5
�1

. (42)

The distribution of SMD is shown in Fig. 133 for two singal hypotheses of mass 125 GeV and the irre-2120

ducible background. The corresponding ROC curve for these two samples after all selections and in an2121

invariant mass window of 105 < m4` < 140 GeV is shown in the right plot of figure 134. The gain in2122

sensitivity of this variable is considerable which is to be expected since m4` is the single most powerful2123

discriminant for background.2124

The technical implementation of the statistical analysis is done in the framework of the RooStats-based2125

CMS Higgs combination tools. We build the (SMD, pseudoMELA) 2D template distribution, instead2126

of the 2D (MELA, m4`) as in the baseline analysis. In calculating SMD, one must choose a value of2127

mH for the parametrizations of Psig in Eq.42. This value was chosen to be 125 GeV for the following2128

studies. In the future, this value could be modified in agreement with the other analyses carried out in2129
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JP Results
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0- v/s 0+ 1- v/s 0+ 1+ v/s 0+
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JP Results
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0+h v/s 0+ 2+m(gg) v/s 0+ 2+m(qq) v/s 0+
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fa3 Measurement

• A1 dominates the 0+ decay

• A3 dominates the 0- decay

• Define fa3 = |A3|2 / (|A1|2 + |A3|2)

• Presence of both A1 and A3 (fa3≠0 and 
fa3≠1) indicates CP violation

• fa3 can be measured by performing a 
2D(Dbkg, D0-) fit on data

A1 A3

Most general amplitude for a spin-0 boson is :

Best fit value of fa3 = 0.00+0.23-0.00

14
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Summary

15

• 6.7σ excess observed in the search for the Higgs boson in the 
H→ZZ→4l channel

• The best fit mass of the particle is : 125.8 ± 0.5 (stat) ± 0.2 (syst) GeV

• Spin parity tests indicate that the particle is consistent with a pure 0+ boson

• Pseudoscalar hypothesis disfavored with CLs = 0.16%, spin-2 hypothesis of a 
narrow resonance with minimal couplings disfavored with CLs = 1.5% while 
spin-1 hypotheses are disfavored with CLs < 0.1%
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Backup
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Signal Shapes
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Mass Spectrum
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100 GeV < m(4l) < 1000 GeV Yields
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KD v/s m(4l)

19

Data overlaid on signal expectation Data overlaid on background expectation
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VD v/s m(4l)
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Data overlaid on ggH expectation Data overlaid on VBF expectation Data overlaid on bkg expectation
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m(Z1) and m(Z2)
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Z1 Mass Spectrum
121.5 GeV < m(4l) < 130.5 GeV

Z2 Mass Spectrum
121.5 GeV < m(4l) < 130.5 GeV

Thursday, August 15, 13



Mass Scale
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Muons Electrons
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Event-by-event Mass 
Uncertainties
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Z→4l Candle

24

Thursday, August 15, 13



Mass Fits
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